comparing with the original ITScore2 and with ensemble docking. For the MAP4K4 dataset, although there were only eight known protein-ligand complex structures, our docking strategy achieved a comparable performance with ensemble docking. Our method for receptor conformational selection and iterative method for the development of system-specific statistical potential-based scoring functions can be easily applied to other protein targets that have a number of protein-ligand complex structures available to improve predictions on binding.
Introduction
In order to promote the improvement and the development of computational methods for new drug discovery, several valuable benchmarking datasets containing experimentally determined and accurately assessed data (e.g. binding modes and affinities) of a series of protein-ligand complexes were provided by the community structure-activity resource (CSAR, http://www.csardock.org, 2010-2014) [1] [2] [3] [4] at first and then by the Drug Design Data Resource (D3R, https://www.drugdesigndata.org, starting from 2015). In the Grand Challenge 2015, D3R presented two protein-ligand datasets, one for human heat shock protein 90 (HSP90) [5] and the other one for human mitogenactivated protein kinase kinase kinase kinase 4 (MAP4K4) [6] . Two prediction stages were held for each dataset. In stage 1, the D3R organizers provided the ligand SMILES strings and several protein structures (four for HSP90 and two for MAP4K4, respectively) covering two distinct Abstract The growing number of protein-ligand complex structures, particularly the structures of proteins co-bound with different ligands, in the Protein Data Bank helps us tackle two major challenges in molecular docking studies: the protein flexibility and the scoring function. Here, we introduced a systematic strategy by using the information embedded in the known protein-ligand complex structures to improve both binding mode and binding affinity predictions. Specifically, a ligand similarity calculation method was employed to search a receptor structure with a bound ligand sharing high similarity with the query ligand for the docking use. The strategy was applied to the two datasets (HSP90 and MAP4K4) in recent D3R Grand Challenge 2015. In addition, for the HSP90 dataset, a system-specific scoring function (ITScore2_hsp90) was generated by recalibrating our statistical potential-based scoring function (ITScore2) using the known protein-ligand complex structures and the statistical mechanics-based iterative method. For the HSP90 dataset, better performances were achieved for both binding mode and binding affinity predictions Electronic supplementary material The online version of this article (doi:10.1007/s10822-017-0038-1) contains supplementary material, which is available to authorized users. conformational states, "open" and "closed". Participants were free to use other protein structures for docking, and were required to predict both binding modes and binding affinities (or affinity rankings). In stage 2, the crystal structures of protein-ligand complexes for binding mode prediction in stage 1 were released, and the participants were asked to re-predict the binding affinities (or affinity rankings).
A common way to make such predictions is molecular docking, which predicts the binding mode and binding affinity of a complex formed by a protein and a ligand. Molecular docking is one of the most powerful computational tools in the modern era of structure-based drug discovery [7] [8] [9] [10] [11] . Generally, a docking strategy can be divided into two components, sampling and scoring. For sampling, putative binding modes (orientations/conformations) of a ligand near the binding site of a protein are generated through a searching algorithm. Currently, molecular docking programs are able to quite exhaustively search the conformational space for a small molecule such as a ligand, but protein flexibility remains a big challenge due to the huge number of degrees of freedom. The scoring component aims to predict the binding energy for a given binding mode by using either a physical or empirical energy function. The mode with the lowest energy score is predicted as the most favorable binding mode. Moreover, scoring functions are also used to rank the binding affinities of different ligands against a given protein receptor (i.e. virtual screening). Therefore, an ideal scoring function should be able to distinguish the native or near-native binding mode from other alternative modes, and to distinguish active ligands from inactive ligands. Unfortunately, such an ideal scoring function is difficult to derive, because of the complicated solvent effect, conformational entropic effect, and so on. A rigorous scoring function would be too computationally expensive to be used for molecular docking studies in which hundreds of putative binding modes are generated for a single ligand. The development of an efficient and reliable scoring function is another challenge for molecular docking.
With the increasing number of crystal structures solved for a specific protein (e.g., an important druggable protein) co-bound with distinct ligands in the Protein Data Bank (PDB) [12] , the abundant structural information points to a new way to tackle challenges in molecular docking such as protein flexibility and imperfect scoring functions. For example, for one of the D3R targets, human HSP90, there are over 200 entries in the PDB containing 178 distinct cobound ligands. A straightforward strategy is to consider all the conformations of the protein available in the PDB during the docking process, which is referred to as the ensemble docking strategy (i.e. docking with multiple receptor conformations) [13] . However, the computational time increases with the number of receptor conformations, and the chance of false positives also increases due to the inaccuracy of the current scoring functions [14] . Therefore, in this study, instead of directly using multiple protein conformations, the information of co-bound ligands was considered to serve as a filter for relevant protein conformational changes. The approach is based on the molecular similarity principle, which states that molecules with similar structures tend to have similar biological activities [15, 16] . In this approach, it is assumed that similar protein conformations are induced by the binding of similar ligands [17, 18] . Specifically, ligand similarities were calculated for a query ligand against all co-bound ligands in the PDB for the same protein. The PDB entry containing a co-bound ligand that has the best ligand similarity score with the query ligand was further used for docking. Moreover, for the HSP90 target, a system-specific scoring function was recalibrated based on our latest version of statistical potentials, ITScore2 [19] [20] [21] . ITScore2 was originally derived using an iterative method based on statistical mechanical principles that circumvents the long-standing reference state problem in the statistical potential-based scoring functions. In this study, ITScore2 was recalibrated using the protein-ligand complex structures available for HSP90 in the PDB to generate an HSP90-specific scoring function, referred to as ITScore2_hsp90. The results of HSP90 showed that our new strategy improves the performance on both binding mode and binding affinity predictions. Regarding the MAP4K4 dataset, encouragingly, although there were only a few number of protein-ligand complex structures available for MAP4K4, our strategy of docking a query ligand into the protein structure that was selected with the ligand-similarity approach alone achieved a comparable performance with ensemble docking for binding mode prediction.
Materials and methods

D3R datasets
Two datasets, HSP90 and MAP4K4, were held for the D3R Grand Challenge 2015 and are described in detail in the overview article of this special issue [22] . Briefly, the HSP90 dataset consists of 180 ligands that were designed to bind to the ATP binding site of HSP90. The molecular weights (MWs) of all the atoms of these ligands range from 135 to 566. The total numbers of all the atoms range from 18 to 58. The total numbers of the rotatable bonds range from 0 to 10. Four crystal structures of the protein receptor (PDB IDs: 2JJC, 2XDX, 4YKR, and 4YKY) were provided by the D3R organizers. The stage 1 of HSP90 was to predict the binding modes of six specified ligands (HSP90_40, HSP90_44, HSP90_73, HSP90_164, HSP90_175, and HSP90_179) and to predict the binding affinities of all the 180 ligands against the HSP90. The MWs of the six ligands with known binding modes range from 222 to 447, and their total numbers of the rotatable bonds range from 3 to 7. The stage 2 was to re-predict the binding affinities of all the 180 ligands, with the provision of the six crystal structures that were held for the binding mode prediction in stage 1.
On the other hand, the MAP4K4 dataset comprises 30 ligands binding to the active site of the kinase MAP4K4. The MWs of these ligands range from 174 to 439. The total numbers of all the atoms range from 23 to 59. The total numbers of the rotatable bonds range from 1 to 6. Two crystal structures of MAP4K4 (PDB IDs: 4OBO and 4U44) were provided by the organizers. The stage 1 was to predict the binding modes of all the 30 ligands and the binding affinities of 18 of these ligands against the MAP4K4. The stage 2 was to re-predict the binding affinities of the 18 ligands with the provision of all the co-bound crystal structures available to D3R.
Available protein-ligand complex structures
All the released protein structures with co-bound ligands for HSP90 and MAP4K4 were collected from the Protein Data Bank (PDB). Only the PDB entries in which the protein receptors were from the same species as the D3R targets (i.e., human) were kept. Each PDB entry was searched for the HET information; if an entry contained only water molecules or ions, it was removed because of the absence of a ligand. The remaining PDB entries were manually examined. The PDB entries containing functional small molecules binding to the active site were kept, and those containing only buffer or detergent ligands were removed from the dataset. If there were more than one PDB entries containing an identical ligand, the structure with a higher resolution was kept. A total of 178 protein-ligand complex structures were obtained for HSP90 and their PDB IDs are listed in the Supplementary Materials. The same strategy was applied to MAP4K4; a total of eight protein-ligand complex structures were found, and their PDB IDs are 4OBO, 4OBP, 4OBQ, 4RVT, 4U43, 4U44, 4U45, and 4ZK5.
Ligand similarity calculation
The ligand similarity between a query ligand (i.e., a D3R ligand) and a template ligand (i.e., a ligand in one of the released protein-ligand complex structures) was calculated by the program SHAFTS [23, 24] . SHAFTS is a hybrid approach for 3D similarity calculation by combining molecular shape overlay and pharmacophore feature matching between the two ligands. Thus, the hybrid similarity consists of a ShapeScore (shape-densities overlap) and a FeatureScore (pharmacophore feature fit values). Both ShapeScore and FeatureScore are normalized to [0, 1] . The hybrid similarity is the sum of ShapeScore and FeatureScore and scaled to [0, 2], with 0 corresponding to no similarity and two corresponding to the same ligand.
Because SHAFTS uses a semi-rigid strategy to characterize molecular flexibility, the conformational ensembles of a query ligand need to be pre-generated. In this study, OMEGA (version 2.5.1.4 OpenEye Scientific Software, Santa Fe, NM. http://www.eyesopen.com) [25, 26] was used to generate 3D conformations (with a maximum number of 200) of query ligands using the SMILES strings provided by the D3R organizers.
Scoring functions
In this round of D3R challenge, an in-house scoring function ITScore was used for both binding mode evaluation and binding affinity prediction. ITScore is an efficient statistical potential-based scoring function derived by using a statistical mechanics-based iterative method based on a training set of experimentally determined protein-ligand complex structures. The basic idea of the iterative method is to circumvent the reference state problem by improving atom-pair potentials iteratively through the comparison of the calculated g k ij (r) and the experimental pair distribution functions g * ij (r) until the native complex structures in the training database can be correctly discriminated from decoy structures. The idea is described by the following equations:
Here, i and j represent the types of a pair of atoms, r is the distance between the two atoms, k B is the Boltzmann constant, and T is the absolute temperature. Without loss of generality, k B T is set to unit 1. λ is a parameter to control the speed of convergence and is set to 0.5. (r)}, the potentials are updated based on the above equations until all the native binding modes have the lowest energy scores compared with their decoys. A detailed description of the ITScore method is available in the reference [19] .
There are two versions of ITScore according to the training sets. The first version, ITScore1 [19] , was derived based on a training set of 786 protein-ligand complexes collected from the PDB database. The latest version, ITScore2 [21] , was re-trained using the crystal structures in the refined set of PDBbind 2012 [27, 28] containing a total of 2897 protein-ligand complexes; the size of the new training set for ITScore2 was much larger than the old training set for ITScore1. ITScore2 was used in the present study except for HSP90.
For HSP90, because a large number of HSP90-ligand complex structures were available in the PDB, an HSP90-specific scoring function (referred to as ITScore2_hsp90) was re-calibrated using the aforementioned 178 HSP90-ligand complex structures as the training set. Specifically, the potentials in ITScore2 were set as the initial potentials, u 0 ij (r) , for the derivation of ITScore2_hsp90. Then, decoy binding modes were sampled for each ligand in this training set by using a modified version of AutoDock Vina [21] . In the original AutoDock Vina program [29] , the maximum number of output modes is 20. In our modified version [21] , this number can be set to any value, and was set to 500 in this study. Namely, up to 500 binding modes were generated for each ligand. Finally, the potentials {u k ij (r)} were updated iteratively using Eqs. (1) and (2) until the native binding modes of all the HSP90-ligand complexes in the training set have the lowest scores compared with their corresponding decoys, respectively. The resulting system-specific scoring function, ITScore2_hsp90, was used in both the binding mode prediction and the binding affinity prediction for the HSP90 dataset, and was compared with ITScore2. In contrast, for MAP4K4, there exist too few known MAP4K4-ligand complex structures to generate a system-specific scoring function.
Sampling and scoring
For a query ligand, 3D similarities against all co-bound ligands from the available protein-ligand complex structures were calculated by the program SHAFTS. The PDB entry that had the best hybrid similarity score (cutoff = 0.8) with the query ligand was used for docking. In the present study, AutoDock Vina [29] was employed for sampling putative binding modes. For a given protein structure, the geometric center of the co-bound ligand was used as the center of the search box. The size of the cubic search box was set to 30 Å, which was large enough to cover the whole binding pocket. In the docking process, the protein was treated as a rigid body and single bonds of ligands were considered to be rotatable. The exhaustiveness value was increased to 30 (default = 8) to ensure exhaustive sampling. The original Vina source code was modified to set the maximum of output modes to 500 (default = 20). The putative binding modes were sampled and ranked by Vina; the output modes were then re-scored with ITScore2_hsp90 and ITScore2 for the HSP90 dataset and with ITScore2 for the MAP4K4 dataset, respectively.
Results
To summarize our methods, in the present study, a ligand 3D similarity calculation program named SHAFTS was employed to search for a protein structure with a co-bound ligand sharing high similarity with the query ligand for the docking use. This method is referred to as docking_sel (i.e., docking with a selected receptor conformation based on ligand similarity) in the remaining text. A modified version of AutoDock Vina was used for sampling the putative binding modes. The latest version of an in-house scoring function, ITScore2 and ITScore2_hsp90, was used for both binding mode and binding affinity predictions.
For comparison, the results obtained with the Vina score were also analyzed in this work. Moreover, in order to evaluate the performance of the docking_sel method, the ensemble docking approach (i.e., using multiple receptor conformations) was also used for comparison. In ensemble docking, for a specific protein and a query ligand, the binding modes generated from docking with different protein conformations were merged for ranking. The details of the results on binding mode and binding affinity predictions are presented in the following sections.
Binding mode prediction
The quality of all the predicted binding modes was assessed by calculating the root-mean-square deviation (RMSD) between a ligand in the predicted mode and its native cobound mode in the released crystal structure. Specifically, the protein structures were matched using the MatchMaker tool of UCSF Chimera [30] , and the RMSDs of the heavy atoms in the ligands were calculated using the maximum common substructure (MCS) functionality of the OEChem Python toolkit (version 2.5.1.4, OpenEye Scientific Software, Santa Fe, NM. http://www.eyesopen.com) [25, 26] . The MCS functionality was used to correct the ligand atom renumbering and to account for compound symmetries. Then, the top five models predicted by each scoring function (ITScore2 and/or ITScore2_hsp90, and Vina score) were analyzed for both docking_sel and ensemble docking.
The HSP90 dataset
For the HSP90 dataset, the putative binding modes were generated either by docking with a selected protein conformation (i.e., docking_sel) or by using two ensemble docking strategies. The two ensemble docking strategies differ in the number of protein conformations: One of them, referred to as ensemble_4, employed the four HSP90 conformations provided by the D3R organizers. The other ensemble docking strategy, referred to as ensemble_32, employed 32 HSP90 conformations (see Table S1 ). In each sampling method (docking_sel, ensemble_4 or ensemble_32), for a query compound, the binding modes generated from docking with different HSP90 conformations were merged for further ranking. Then, the merged binding modes were ranked by ITScore2, ITScore2_hsp90 and the Vina score, respectively. Therefore, there were a total of nine combinations (i.e., three sampling methods combined with three scoring functions) for the binding mode prediction of a query ligand. The performance of each combination on the six queried HSP90 ligands are shown in Fig. 1 . Figure 1a shows the RMSDs of these six ligands between the top predicted modes (i.e., associated with the best predicted binding score for each ligand) and their corresponding native binding modes in the crystal structures. In addition, the RMSD values were sorted for each prediction strategy (a combination of a sampling strategy and a scoring strategy), and the mean value and the median value of the RMSDs of the six ligands are reported in the parentheses inside the figure legend. Impressively, docking with the selected protein conformation always achieved a better performance than the ensemble docking strategies for all the three scoring functions. Moreover, for each sampling strategy, the HSP90 system-specific scoring function ITScore2_hsp90 always archived a better performance than the two other scoring functions. In summary, the combination of docking_sel and ITScore2_hsp90 (i.e., ITScore2_ hsp90_sel) performed significantly better than other combinations, with mean and median RMSDs of 1.39 and 0.76 Å, respectively. Figure 1b shows the assessment of binding mode prediction using the best mode (i.e., the mode with the lowest RMSD value in comparison with the crystal structure) among the top five predicted binding modes for each ligand case. Both docking_sel and ensemble_4 yielded excellent performances for all the three scoring functions. Notably, small values of mean and median RMSD (≤1.10 Å) were achieved. In contrast, ensemble_32, in which a large number (32) of protein conformations were used for docking, yielded disappointing results, with mean or median RMSD ≥4.50 Å for all the scoring functions. These results indicate that docking with an inaccurate protein conformation (i.e., a conformation that is significantly different from the bound protein structure) may result in a lower binding score than docking with a protein conformation that is close to the bound structure, due to the inaccuracy of current scoring functions.
As aforementioned, a total of 178 PDB entries containing human HSP90 co-bound with distinct ligands were collected. According to the conformation of a fragment (colored magenta in Fig. S1 ) near the binding pocket, the protein conformations were classified into three groups, "closed", "semi-close", and "open" states. Notably, the protein structures that were provided by D3R covered only "open" and "closed" states. Therefore, it was examined whether the ligand similarity method correctly selected the Table S1 lists the PDB ID of the selected protein structure and the corresponding ligand similarity score for each query ligand. Impressively, the protein conformation of each selected structure for docking is consistent with the corresponding protein conformation in the crystal structure for all the six query ligands. For example, for the query ligand HSP90_73, the co-bound ligand in 3RLP shares the highest similarity with HSP90_73, having a hybrid similarity score of 1.58. Figure 2a shows the complex structure of 3RLP and the superimposed conformation of HSP90_73 taken from the crystal structure (PDB entry: 4YKW) provided by D3R after stage 1. Figure 2b shows the superimposition of the crystal structure 4YKW and the top binding mode predicted by the strategy ITSore2_hsp90_sel. The RMSD is only 0.6 Å.
For our best binding mode prediction strategy ITScore2_ hsp90_sel, the only failed case is HSP90_44 when only the top model was considered, using RMSD ≤2.0 Å as the success criterion. However, the large RMSD is contributed by the pyridine-3-sulfonamide group, which is outside the binding pocket, as plotted in Fig. 2c . As reported in the PDB file of this crystal structure (PDB ID: 4YKT), the B factors of the atoms in the pyridine-3-sulfonamide group are much higher than the B factor of other atoms, indicating the intrinsic fluctuations of this group in the binding mode. It is also reported by D3R that this group actually binds to the neighboring monomer of the protein. In fact, our top predicted binding mode is very close to the native binding mode if this fluctuation group of the ligand is not considered, with an RMSD of 0.54 Å.
The MAP4K4 dataset
As mentioned in the "Materials and methods", there were only eight co-bound crystal structures available, insufficient to generate a system-specific scoring function for the MAP4K4 dataset. Thus, only two scoring functions, the Vina score and ITScore2 were used for the MAP4K4 dataset. Similarly, a total of three docking strategies were used for the putative binding mode generation, docking_sel (i.e., docking with a selected protein conformation) and two ensemble docking strategies. One ensemble docking strategy utilized the 2 MAP4K4 conformations that were provided by the D3R organizers, referred to as ensemble_2. The other ensemble docking strategy utilized all the 8 MAP4K4 conformations available in the PDB, referred to as ensemble_8. Therefore, there were a total of six combinations (i.e., three sampling methods combined with two scoring functions) for the binding mode prediction of a query ligand. The performance of each combination on the 30 queried MAP4K4 ligands are shown in Fig. 3 . Figure 3a , b shows the binding mode prediction results for each strategy considering the top mode and the best in the top five modes, respectively. The RMSD values were sorted for each prediction strategy, and the mean value and the median value of RMSDs of the 30 ligands are reported in the figure legend. Because no PDB entry was found that contained a similar ligand (hybrid similarity score ≥0.8) for MAP32, only 29 ligands were evaluated in the docking_sel category (i.e., docking with the selected protein structure). The PDB entry names of the selected protein structures and the corresponding ligand similarity scores are listed in Table S2 .
For the Vina score, ensemble dockings performed better than docking_sel, and ensemble_8 (docking using all the 8 MAP4K4 structures) yielded the best performance for both the top 1 and the top five modes. For ITScore2, docking_ sel and ensemble dockings achieved similar performances when the top mode was considered for each ligand. When top five modes were considered, ensemble dockings performed better than docking_sel, and ensemble_8 yielded the best performance, with the mean and median RMSDs of 2.37 and 2.06 Å, respectively.
Overall, ensemble dockings performed better than docking_sel for the MAP4K4 dataset. The prediction strategy Vina_score_ensmeble_8 yielded the best performance with a mean RMSD of 4.61 Å when the top mode was considered. ITScore2_ensemble_8 yielded the best performance with a mean RMSD of 2.37 Å when the top 5 modes were considered. It is not surprising that docking_sel did not perform as good as ensemble docking for the MAP4K4 dataset are not as good as the results for the HSP90 dataset. Because there were only 8 MAP4K4 crystal structures available for the protein structure selection. A second reason could be the high flexibility of the binding site on MAP4K4 due to a flexible P-loop (see below) [6] . Encouragingly, docking_sel still achieved a comparable performance with the ensemble docking strategies. As shown in Fig. 3a, for ITScore2, the mean/median value of RMSD of docking_sel is 5.44/6.00 Å whereas the corresponding values for ensemble_2 and ensmbel_8 are 5.58/5.57 and 5.69/5.82 Å, respectively.
Although all the co-bound crystal structures of the ligands in the MAP4K4 dataset were provided for the D3R community after Stage 1 predictions, so far only the crystal structure of the co-bound ligand MAP15 has been publicly released (PDB entry: 4U41). For this ligand, the PDB entry 4OBP (chain A) was selected for docking_sel. Figure 4 shows the superimposition of 4OBP and 4U41. The co-bound ligands in these two structures have a good hybrid similarity score (1.47) and share a similar binding mode. However, the binding pocket conformations in the two structures are distinct with each other, especially in the P-loop and in the helix, both colored orange for 4OBP and green for 4U41, respectively. The conformation of the flexible pocket is sensitive to the ligand size, making the binding mode prediction for MAP4K4 much more challenging than for HSP90. In the case of MAP11, the cobound ligand in the PDB entry 4U44 shares a high similarity (hybrid similarity score = 1.84) with the query ligand, and the binding pocket conformations in the two MAP4K4 structures are very similar. However, a correctly predicted binding mode with an RMSD of 1.02 Å failed to be ranked among the top five modes for both the Vina score (#29 in ranking) and ITScore2 (#9 in ranking).
Binding affinity prediction
Next, the binding affinity prediction results were analyzed for each docking strategy. For each protein, the best (i.e., most negative) score value of a compound was used to compare with the corresponding experimental affinity. Both affinity rankings and free energy predictions were evaluated in this study. Specifically, affinity rankings were evaluated in terms of the Kendall's tau and Spearman's rho rank correlation coefficients. Binding free energy predictions were evaluated in terms of Pearson's correlation coefficients and RMSD. Different to the RMSD calculated for the binding mode prediction, here, the RMSD is the measure of the average distance between the experimental affinities −pIC 50 [i.e., log(IC 50 )] and the predicted energy scores of the query ligands. To avoid confusion, RMSD (−pIC 50 ) was used for binding affinity predictions in this section. Considering that the values of Vina score and ITScores have different scales, they were re-scaled by dividing the predicted scores with a factor γ. For each prediction strategy, γ was set to the ratio of the mean value of the predicted scores to the mean value of pIC 50 . Therefore, after re-scaling, the predicted free energies have the same mean value as the experimental affinities −pIC 50 .
Besides the Vina score, ITScore2 and/or ITScore2_ hsp90, the change of the solvent-accessible surface area (ΔSASA) of a ligand upon binding and the ligand molecular weight were also used for references in the assessment of affinity rankings and free energy predictions. Naccess 2.1.1 [31] was employed to calculate ΔSASA for the HSP90 dataset based on the top mode of the docking strategy ITScore2_hsp90_sel. Naccess 2.1.1 were also used for the ΔSASA calculations for the MAP4K4 dataset based on the crystal structures.
HSP90
There were a total of 180 HSP90 ligands for affinity rankings. Regarding the free energy predictions, because D3R did not release the exact IC 50 values for the ligands with IC 50 values above 50 µM, only the ligands having IC 50 ≤ 50 µM (a total of 150 ligands) were included for the Pearson R and RMSD (−pIC 50 ) calculations. The results of affinity rankings and free energy predictions are reported in Table 1 .
For affinities rankings, both the Kendall's tau and Spearman's rho rank correlation coefficients were calculated for each prediction strategy. Both tau and rho range from −1 to 1, where −1 corresponds to a perfectly reversed ranking and 1 corresponds to a perfect ranking. Table 1 shows that all the predicted rankings correlate positively with the experimental results. The tau values for ΔSASA and molecular weight are 0.06 and 0.15, respectively. Interestingly, similar tau values (around 0.19) were observed for the Vina score when different docking strategies (docking_sel or ensemble dockings) were performed. For both ITScore2 and ITScore2_hsp90, docking_sel achieved better performances than ensemble dockings. Moreover, for docking_sel, the HSP90 system-specific scoring function ITScore2_hsp90 yielded a better performance (0.22) than the other two scoring functions, the Vina score and ITScore2. As reported in the overview paper in this special issue [22] , the mean and median tau values for the HSP90 affinity rankings are 0.15 and 0.17, respectively, based on the results submitted by nearly 40 participating groups. The performance of our best prediction strategy ITScore2_hsp90_sel was ranked #8 in stage 1 among all the submitted results. In stage 2, the six co-bound crystal structures released by D3R were used for energy score calculations. The energy scores of the other ligands were identical to those in stage 1. Then, the corresponding tau value of ITScore2_hsp90_sel is 0.23, ranked #5 in stage 2. Similar results were observed by using the Spearman's rho as the criterion.
In order to assess the free energy predictions, Pearson's correlation coefficient (R) and RMSD (−pIC 50 ) were calculated between the predicted binding energy scores and −pIC 50 . Because ΔSASA and molecular weight are positive values, absolute values of −pIC 50 were used for both R and RMSD (−pIC 50 ) calculations. Interestingly, the molecular weight again performed better than ΔSASA when R was used as the criterion. However, ΔSASA yielded a smaller value of RMSD (−pIC 50 ) than the molecular weight, indicating that the two parameters complement each other.
As reported in the fourth column of Table 1 , for all the three scoring functions, the R value of docking_sel is slightly larger than or equal to the R values of ensemble dockings, indicating that docking with the selected protein conformation also slightly improves the binding free energy predictions. Unfortunately, no improvement was found in RMSD (−pIC 50 ) for docking_sel, as shown in the fifth column of Table 1 . Different to the performances in affinity rankings, Vina score yielded a better performance [i.e., larger R and lower RMSD (−pIC 50 )] than ITScore2_hsp90.
MAP4K4
A total of 18 MAP4K4 ligands were provided by D3R for the binding affinity prediction. It is noted that this number is too small to obtain reliable conclusions [32] . The results for both affinity rankings and free energy predictions are reported in Table 2 . It is disappointing that only one (vina_ score_ensembel_2) out of the six prediction strategies yielded a significantly better performance (for both affinity rankings and free energy predictions) than ΔSASA or molecular weight. The unsatisfactory performances result from the failures in binding mode predictions (see the subsection on binding mode prediction), because the predicted binding scores were based on the corresponding binding modes. Because all the crystal structures of the MAP4K4 dataset were provided by D3R organizers after stage 1, the binding scores were also calculated based on crystal structures by using both the Vina scoring function and ITScore2. Performances of affinity rankings and free energy predictions for the two scoring functions are reported in Table 2 . Both the Vina score and ITScore2 achieved improved performances for affinity rankings, with tau values of 0.24 and 0.32, respectively. ITScore2 performed significantly better than the Vina score for both affinity rankings and free energy predictions (see the last two rows in Table 2 ). These results suggest that correct binding modes are important to the binding affinity prediction in docking studies.
Discussions and conclusion
Protein flexibility is one of the most challenging problems in molecular docking studies. In the present work, a 3D ligand similarity calculation method was employed to search a protein receptor structure with a bound ligand sharing high similarity with the query ligand for docking. This novel strategy avoids the exhaustively search in the protein conformational space, which is too large to be handled by the existing methods. Our strategy was successfully applied to the HSP90 dataset; significant improvements were achieved especially for the binding mode prediction in comparison to docking with multiple protein conformations (i.e., ensemble docking). For the binding affinity predictions, the strategy yielded better performances than the ensemble docking for ITScore2 and/or ITScore2_hsp90, whereas similar performances were achieved for the Vina score. Obviously, the disadvantage of this strategy is that it cannot be used for a protein target with no or few co-bound crystal structures available. Encouragingly, when this strategy was applied to the MAP4K4 dataset in which there were only eight protein-ligand complex structures available, its performance was comparable with those obtained by ensemble dockings.
The second challenge in molecular docking is the scoring function. We introduced a system-specific scoring function for HSP90 based on our scoring function ITScore2. Briefly, ITScore2 was recalibrated using the known HSP90-ligand complex structures with the iterative method to generate an HSP90 system-specific scoring function, ITScore2_hsp90. ITScore2_hsp90 always yielded significantly better performance than the original ITScore2 and the Vina score for the binding mode prediction. In addition, improvements for the binding affinity predictions were also observed for docking with a selected protein conformation (docking_sel). However, the method requires a number of co-bound crystal structures for a target protein, which is not suitable for the MAP4K4 dataset. Fortunately, this requirement will be satisfied for more and more protein targets, with the growing number of protein-ligand complex structures deposited in the PDB.
In summary, during the D3R Grand Challenge 2015, we developed a systematic strategy by using the information embedded in the known protein-ligand complex structures to improve both binding mode and affinity predictions. A ligand similarity calculation method was employed to search a receptor structure with a bound ligand sharing high similarity with the query ligand for docking. Our statistical potential-based scoring function, ITScore2, was recalibrated using the known protein-ligand complex structures with the iterative method to generated a system-specific scoring function. This strategy can be easily applied to other protein targets with a number of protein-ligand complex structures available.
